Abstract-Stair-climbing is a necessary capacity for mobile robots. This paper presents an online control method for the stair-climbing of a transformable tracked robot, Amoeba-II, and this robot is also an isomerism-modules robot with different mechanism modules. Based on the reasonable compartmentalization and kinematics analysis of the stair-climbing process, the coordination of the rotations of modules can reduce the slippage between tracks and terrain. To ensure that the robot can climb stairs with enough capability and stability, the stair-climbing criterion for the robot has been established based on the force analysis of each stage of the stair-climbing procedure. Meanwhile, the interference-avoiding criterion has been set up to avoid the interference between the non-tracked module of the robot and the stair. The experiment for the stair-climbing of the robot has been implemented to certify the validity of the online stair-climbing control method for a transformable tracked robot.
I. INTRODUCTION
tair-way is always a typical obstacle for indoor environments and disaster scenes. In the mobile robotics field, various research efforts have been directed towards the development of stair-climbing capability of robots. For example, a double-track robot made by KIST, ROBHAZ-DT [1] [2] , utilizes passive joints to connect track modules and shows a high mobility and adaptability in stair climbing. A self-reconfigurable tracked mobile robot made by ESI, LMA [3] [4] , can change the tracks' configuration to promote the crossing capability, and implement autonomously stair climbing. A multi-purpose robotic platform under development at the University of Minnesota's Center for Distributed Robotics, Loper [5] , with a unique combination of Tri-lobe wheels and a highly compliant chassis allowing the robot to easily traverse complex natural and man-made terrains. MSRox, a wheeled mobile robot with two actuated degrees of freedom has the capability of climbing stairs and traversing obstacles, and adaptability toward uphill, downhill and slope surfaces [6] .
Because of the limitation on the dimension of these smaller stair-climbing robots, it is necessary to find an appropriate and steady control method that can improve the stair-climbing procedure. Most of the control methods have been researched is developed based on the predicting and estimate of the stability of the robot in the stair-climbing process, such as ZMP [7] (Zero Moment Point), CG [8] (Center of Gravity) Project Method and Static Stability Margin [9] (SSM). Some other stair-climbing methods have also been developed based on the quasi-static analysis [10] and the moment balance [11] to achieve the autonomous stair climbing. Without considering the stair-climbing capacity and the interference between the robot and the stair, these methods which may aggravate the slippage between the tracks and terrain are just suitable for the normal robot and the isomorphism-module robot. For the isomerism-modules robot, such as Amoeba-II [12] , we have proposed an online stair-climbing control method in this paper. Based on the motion planning for the stair-climbing procedure and the kinematics and quasi-static analysis of each stage, the motion-coordination criterion, the crossing criterion and the interference-avoiding criterion for the robot has been established. In accordance with the three criterions, the control method can not only prevent the robot from the tip-over in the process of the stair-climbing, but it can also predict the stair-climbing capacity of the robot. Meanwhile, this method can avoid the interference between the robot and the stair. As shown in Fig.1 , the mechanism of Amoeba-II adopts the isomerism-modules design which means the robot can be divided into more than two kinds of modules. Amoeba-II consists of two drive modules, two pitch modules and one
II. PROCEDURES FOR STAIR CLIMBING

A. Mechanism of the Robot Amoeba-II
Step 2 (c) Stage 2 linking module. The two drive modules are impelled by the motion of their tracks. The pitch modules are used to adjust the angles between the drive modules and the linking module, and then change the posture of the robot. The linking module is utilized to adjust two drive modules to form an appropriate configuration for the locomotion. Because of the engagement between the spur gears fixed on the top of the linking module and the passive gears fixed on the top of the pitch modules, the linking module can adjust the angle between the two drive modules and propel the robot to accomplish the transformation between the linear configuration and the parallel one. The transformable tracked robot Amoeba-II has two main configurations including the linear and parallel configuration as shown in Fig. 1(a) and Fig. 1(b) , separately. The robot in the parallel configuration has a high mobility on the common terrain. In the linear configuration, the robot shows a good cross ability for various complex indoor and outdoor environments such as, ditches, narrow slits and stairs. So it is just needed to analyze the process of climbing stairs for this robot in the linear configuration. Table. I. 
B. General Procedure of Combined Motion-Planning
In the process of stair climbing, the robot needs to combine the motions of the modules to keep the drive modules contacting with supporting boundaries such as the lower level, the raiser and the tread of the stair and the upper level, as shown in Fig. 2 , and based on the information got by the camera fixed on the front of the robot, the procedure of the combined motion-planning can be divided into five stages as follows:
Stage 1: When the robot encounters the stair, it raises the front drive module at an angle θ t , and moves the module toward the first step of the stairs, as shown in Fig. 2(a) . The robot keeps climbing up the stairs as shown in Fig. 2(b) , until the end of the front track module contacts with the first step. Then this module rotated clockwise so that it can touch the second step. At this moment, the front module is parallel with the grade line of the stairs.
Stage 2:
As shown in Fig. 2(c) , tracks of the drive modules keep rotating to drive the whole robot climbing the second step, and induce the pitch angle φ to keep the front module parallel with the grade line. When the end of the front drive module touches the second step, the rear drive module starts to rotate to induce the pitch angle ϕ of the rear track, and induce the pitch angle φ to zero at the same time.
Stage 3: As shown in Fig. 2(d) , the linking module and the front drive module are along the same line which is parallel with the grade line of the stairs. Then the rear track starts to rotate and increase the pitch angle ϕ until ϕ=π. At the same time, it is needed to keep the front pitch angle φ=0, and the elevation angle of the linking module
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Stage 4: The centerline of the whole robot is parallel with the grade line of the stairs and the robot keeps climbing up the stair in this posture, as shown in Fig. 2 
(e).
Stage 5: As shown in Fig. 2 (f), when the front drive module reaches the upper level, this module is driven to rotate clockwise which can keep this module keep contacting with upper level. Until the whole linking module moves upon the top surface, the robot reduces the pitch angle ϕ=π.The centerline of the robot is parallel with the upper level and the robot completes the procedure of stair-climbing.
In the process of climbing stairs for Amoeba-II, the robot adjusts only one pitch angle at each moment, therefore there is no need to control the motors of the two pitch units at the same time, so the combined motion-planning method can reduce the complexity of the control algorithm.
III. KINEMATICS AND FORCE ANALYSIS FOR AMOEBA-II CLIMBING STAIRS
A. Parameter Identification for the Stair
At first, the coordinate system is defined as follows: a global frame O B -X B -Y B is fixed on the low level of the stairs; the local frame
are fixed on the linking module, the front drive module and the rear drive module respectively.
As shown in Fig. 2 (a), once the front drive module touches the first step, the distance d between the point O 0 and the raiser of the first step can be got by the range sensor fixed on the linking module, and the height h of the step can be calculated as follows:
where h g is the height of the grouser of the track, l 0 is the length of linking module, and r is the radius of these modules. In stage 1, as shown in Fig To reduce the slippage between the track and terrain, it is needed to coordinate the motion of each module of the robot in the stair-climbing process. As shown in Fig. 3 , based on the kinematics analysis of the stair-climbing, the relationship between the rotations of the each module can be calculated by 
B. Kinematics analysis for stair-climbing
where ω f and ω r are the rotational velocities of the front and rear track respectively, ω 1 , ω 2 and ω m are the derivatives of the angle θ 1 , θ 2 and θ m , l d is the distance between the contacting point and the bottom of the front track and i means the front track contacts with the No. i step..
C. Force Analysis for stair-climbing
The tractive force d F between the track and the lower level can be calculated as follows [13] :
 is the friction coefficients along the longitudinal, and s K is the slip coefficient which can be determined by a pull slip test.
In the process of climbing stairs, the resistance force R d can be calculated by
where r f is the resistance coefficient of motion resistance. The robot Amoeba-II normally implements the stair-climbing procedure fairly slowly so that it can be analyzed as a quasi-static process. Based on the force and moment equilibrium analysis, we can get the supporting force N d , the equivalent tractive force F 1 , and the equivalent supporting force N 1 . Based on the number of contact points between the front track and the stairs, the analysis process can be divided into two cases as follows:
Case 1: As shown in Fig. 3 , there is only one contact point between the front track and the stair. Then the supporting force N d , the equivalent tractive force F 1 , and the equivalent supporting N 1 can be calculated as follows: cos -sin 
where the gross mass of the whole robot is
and l N1 are the arms of N 1 and F 1 respectively, and T is the moment of the gravity of the whole robot which rotates around the contacting point on the terrain.
Case 2:
Because the drive module is longer than the grade line, there may be two contact points between the front track and the stair. In this situation, assuming that the differences of the supporting force at the three points are equivalent, by the analysis of the force and moment equilibrium, the supporting force N d , the equivalent tractive force F 1 +F 2 , and the equivalent supporting N 1 , N 2 can be calculated as follows: 
Analysis of stage 2 and stage 3:
As shown in figure. 2(c) and 2(d), during most of the time in the two stages, the track always has one point contacting with the stairs, so the forces can be calculated by the equations in case 1. During the rest time, the front track has two points contacting with two steps of the stairs, and the equations in case 2 can be used to calculate the forces. In stage 2, the relationships of these angles are 12 
Analysis of stage 4:
As shown in Fig. 2 
b) Three points contacting with the stair. In this situation, assuming that the differences of the supporting force at the three points are equivalent, the forces can be calculated as follows: where k is parameter which can be determined by the number of the contact points between the front track and the stair as follows:
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Analysis of stage 5: As shown in figure. 2(f), in this stage, equations in case 1 and case 2 can be used to calculate the forces, and because this situation is symmetrical to the normal one, the equations for calculating the arm of forces and the moment of the gravity should be switched as follows: In the process of climbing stairs, it needs to supply enough propulsion to drive the robot. The track-terrain interaction has been analyzed in section III, and it is necessary to analyze the track-stair interaction to establish criterions for the robot to climb stairs. To simplify the computation, it can be assumed that the tracks are un-deformable, the grousers of the tracks are rigid, and the slippage between the driving wheel and the track can be ignored.
As shown in Fig. 4(a) , the grouser hooks the tread and the non-slip condition for this situation is 11 (25) is the only one condition needed to ensure non-slippage. As shown in Fig.4 (b) , the track contacts with the step and the non-slip condition for this situation can be calculated as follows:
From the analysis of the track-stair, it can be seen that the condition for the grouser hooking the tread is in a wider range than the one for the track contacting with the step, so the grouser can improve the climbing capacity of the robot.
B. Stair-Climbing Criterion
The constraint between the stairs and the track is a unilateral constraint which can only prevent the robot digging into the supporting boundary. To prevent the robot separating from this constraint, the equivalent supporting force between the track and the stair must be positive to prevent the robot falling down from the stairs. Meanwhile, the ratio of the tractive force F 1 to the supporting force N 1 as 11 / FN needs to meet the condition in equation (29) to ensure there is enough tractive force for the robot to climb up stairs, and minimize the slippage. Normally, the velocity of the rotation of the track is faster than the one of the climbing up of the robot, so the tractive force is along the direction of the motion of the robot. The criterion for the robot to climb up the stairs can be got as follows:
Stair-climbing criterion in stage 1: In this situation, the supporting forces and the ratio 11 / FN need to meet the criterion as follows: 
Stair-climbing criterion in stage 2 & stage 3:
In these two stages, based on the number of contact points between the track and the stairs, the analysis process can be divided into two cases which have been analyzed in section III. The criterion for case 1 can be calculated in the same way as the one in stage 1. In case 2 there are two contact points between the track and the stairs, so the criterion for this case can be determined by 1 2 max
If the length p of the grade line is an integral multiple of the spacing interval of the grousers, there are two grousers contacting with the stair. Otherwise, one of the contact points is between the grouser and the tread as shown in Fig.  4 (a) and the other is between the track and the step as shown in Fig. 4(b) and the second equivalent tractive force can be calculated by 2 max
Stair-climbing criterion in stage 4:
In stage 4, the whole robot keeps climbing stairs along the grade line of the stair without contacting with the lower level and the stage can be divided into two states based on the number of contact points.
State 1:
There are two points contacting with the stairs and the criterion of this case can be determined by
State 2: There are three points contacting with the stairs and the criterion for this case can be determined by 
C. Interference-Avoiding Criterion
As shown in Fig. 1 , the linking module of the robot Amoeba-II has no track on it, so it is necessary for the robot to avoid the interference between the mechanism of the robot and the stair, which may cause the damage of the linking module. In stage 3, 4 and 5, the linking module is parallel with grade line of the stair, and it can prevent the interference between this module and the stair. 
D. Online Stair-Climbing Control Method for Amoeba-II
Based on the kinematics and force analysis of the stair-climbing process, the online control method of the stair-climbing can be got by the prediction of the real-time statues of the robot, as shown in Fig. 5 .
The robot finishes the identification of the stair-way in stage1, and the results are stored in the register for the kinematics and force analysis subsequently. Based on the estimation of the stages, the controller starts to coordinate the rotations of the motors and then calculates the forces between the robot and the stair. Then the controller estimates that whether the statues satisfy the stair-climbing criterion and the interference-avoiding criterion or not. If the results do not satisfy these criterions, the controller will shut down the stair-climbing procedure and make the robot return back in the primary way. Based on the analysis of procedure of the stair-climbing control method, the criterions for the rotation and stair-climbing capacity can be recomposed for the stair-climbing controls of other linear tracked robots. However, if the number of modules changes, it is needed to re-process the kinematic and the force analysis. Besides, there is no need to satisfy the interference-avoiding criterion for the robots whose modules are all covered with crawlers.
V. EXPERIMENT FOR AMOEBA-II CLIMBING STAIRS
To test the validity of the motion planning, it is necessary to implement the stair-climbing experiment for this robot, as shown in Fig. 6 . The mechanism parameters of the robot are shown in Table II . The parameters of the stair can be identified as θ s =36.5°, h=18 cm, b=24.8cm, p=30.6cm. Based on the estimation of the stages, the robot can coordinate the motions of the modules and then calculates the forces in the stair process, as shown in Fig. 7 . Based on the force analysis of the stair-climbing process, it can be used for the estimating the stair-climbing capacity and the safety by the stair-climbing criterion and the interference-avoiding criterion. As shown in Fig. 7(a) and it means the tracks can supply enough tractive capacity for the robot to climbing the stair in stage 1. Fig.7 (b) and Fig.7 (c) show two contacting statues between the robot and the stairs, and the results of the analysis show that the robot can climbing the stair with enough capacity and safety in stage 2. Then the results are the same for the analysis of the subsequent stages. In the stair-climbing process, the coordination of the motions of the modules can reduce the slippage between the tracks and the stairs. The stair-climbing experiment for Amoeba-II shows that the online stair-climbing control method can assure the robot climbing stair effectively.
VI. CONCLUSION AND FUTURE WORKS
This paper presented an online control method which is not only adequate for the normal tracked robot, but also for the isomerism-modules robots consisting of various modules. Based on the kinematics analysis of the stair-climbing process, the coordination of the motions of the modules can reduce the slippage between the tracks and the stairs and increase the control efficiency of the stair-climbing. The stair-climbing and the avoiding interference criterions based on the force analysis for the motion planning and the identification for the stair can help the robot to predict the climbing capacity before the remaining stages and enhance the safety of the robot in the stair-climbing process. The experiment of the stair-climbing for the robot can be proved that the online stair-climbing control method is effectual for these transformable tracked robots.
